L ocalized surface plasmons (LSPs) are collective charge oscillations confined to the surface of metal nanostructures. 1 The properties of LSPs depend on the size, shape, and material of the nanoparticles (NPs) as well as the local dielectric environment. 2À5 When the dimension (d) of a metal NP is much smaller than the wavelength (λ) of the incident electromagnetic (EM) field (d , λ), the free electrons in the NP can oscillate with the same phase in the form of a dipole mode (l = 1). 6À9 In contrast, when d is comparable to or larger than λ, conduction electrons at different locations of the particle can oscillate with different phases, which results in the excitation of higher order quadrupole (l = 2) or multipolar modes (l g 2). 
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7,9À14
Multipolar plasmon resonances are not only of fundamental interest but can also be exploited for various applications such as surface-enhanced Raman scattering, 15À17 plasmon-enhanced second harmonic generation, 18 and directional scattering. 19 Higherorder modes have been observed in large planar structures such as triangular- 13, 20, 21 and crescent-shaped particles 22, 23 as well as in nonplanar structures including spheres, 24, 25 shells, 26 rods, 11, 27, 28 and pyramidal shells. 5 ,29À31 Because of their threedimensional (3D), anisotropic geometry, Au pyramidal shells support multipolar plasmon resonances that depend on incident angle and polarization direction of the EM field. For example, the quadrupole resonance depends on the excitation direction since this mode is spatially localized in the base plane of the pyramid. 5, 29 One distinctive characteristic of anisotropic metal NPs is their polarization-dependent optical properties. The mapping of an optical response as a function of polarization angle can be used to identify different plasmon resonances within a single particle, and the LSPs can be correlated to specific geometric features of the NPs. 32À34 Previous studies showed that variations in the shape of ends of rod-shaped particles could shift the peak positions of the LSPs compared to nanorods with the same lengths. 33, 35 Detailed studies on how geometrical changes in 3D, anisotropic NPs correlate to optical properties have not been extensively reported because of the difficulty in controlling size and shape. Although solution syntheses can produce various NP geometries, precise control over nanoscale features is challenging. 34 In typical top-down methods, structures in 2D are possible, but 3D anisotropic particles cannot be created. 36, 37 The phase-shifting photolithography, etching, e-beam, and lift-off (PEEL) procedure for fabricating pyramidal shells can, however, be used to generate various shapes of 3D anisotropic particles with well-defined dimensions. 31, 38, 39 The size and shape of the NPs can be tailored by modifying one or more of the different steps in the PEEL process including photolithography, etching, or e-beam metal deposition. Thus, fabricated NPs can serve as a platform to investigate the effects of nanoscale structural changes in multiscale particles on their optical response. In this Article, we report the fabrication of 3D, multiscale Au particles with different aspect ratios (ARs) and characterization of their polarization-dependent plasmon resonances. The LSPs measured in visible and near-infrared (NIR) wavelengths were identified as multipolar plasmons, and the resonances were correlated with specific structural features of the anisotropic NPs using finite-difference time-domain (FDTD) simulations. The multiscale NPs with different ARs supported a single longitudinal plasmon resonance and two distinct transverse plasmon resonances, where multipolar orders increased for both longitudinal and transverse modes with increased AR. When a 3D structure of the ends was changed in the particle with same dimension, the LSP response was altered to support two LSPs in the longitudinal direction and a single resonance in the transverse direction.
RESULTS AND DISCUSSION
Fabrication of Multiscale Particles with Different Aspect Ratios. Anisotropic Au particles were created by modifying the "P" step in PEEL ( Figure 1A) . The shape of the photoresist (PR) posts on a Si (100) wafer were changed from circular to ellipse by altering the angle (φ) between two sequential UV light exposures through a soft interference lithography (SIL) photomask with recessed, periodic 1D-line patterns (width, 100 nm; depth, 400 nm; pitch, 400 nm). 40 Here, φ was decreased from 90°to 17°to create circular and elliptical posts with ARs ranging from 1.0 to 7.7, where AR is defined as the length of the long axis of the ellipse divided by the short axis. We optimized the exposure and development conditions so that all PR patterns had nearly the same short axis length (∼120 nm). The long axis of the PR features ranged from 100 nm to >1 μm depending on φ.
After deposition of a thin layer of Cr and lift-off of the PR, the Si (100) substrate was anisotropically etched in a KOH/isopropyl alchohol solution. 38 The etching conditions were adjusted to create two types of particles ( Figure 1B) . In type A, only two intersecting Si (111) faces parallel to the long axis were exposed to metal deposition through the Cr hole; in type B, intersecting Si (111) faces were exposed resulting in a structural change at the ends of the particle. Next, 20 nm of Au was deposited on the etched Si template/ Cr hole array template. After the Cr/Au film was removed, the multiscale Au particles were released by etching the Si substrate in aqueous KOH solution. 
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properties of multiscale particles, we measured the polarization-dependent scattering from type A particles with different ARs. Single particle, dark field (DF) scattering of Au particles with AR of 3.4, 6.0, and 7.7 were measured at polarization angles (R) from 0°to 360°in 10°steps (R: angle between the polarization direction of excitation light and the long axis of particle). Note that the lengths of the type A NPs (380, 698, and 1012 nm for AR 3.4, 6.0, and 7.7, respectively) were different by at least 300 nm in order to evaluate the effects of length close to the incident wavelength of light. The multiscale particles showed multiple peaks at measured visible and NIR wavelengths (420À980 nm). Using a Lorentzian multipeak fitting algorithm, 23, 41, 42 we separated the overlapped scattering peaks into individual resonances. Figure 3 shows three resolved resonances from the overlapped multiple peaks measured under transverse polarization (R = 90°) for particles with different ARs. The multipeak analysis using a Lorentzian fit was used for all the scattering spectra measured from R = 0°to 360°. The scattering spectra measured under longitudinal polarization (R = 0°) in Supporting Information, Figure S1 also shows how the different spectral profile can be resolved into individual resonances. Three peaks based on the fits for each particle were analyzed and assigned λ 1 , λ 2 , and λ 3 . The peak positions (λ 1 , λ 2 , λ 3 ) were 638, 726, and 832 nm for AR = 3.4; 657, 804, and 891 nm for AR = 6.0; and 676, 767, and 867 nm for AR = 7.7.
To show the polarization-dependent response of each resolved LSP, the scattering intensities of the resolved plasmon resonances were displayed in a polar plot ( Figure 4 ). Instead of plotting absolute intensities, we plotted the relative values as a function of R while setting the minimum values close to zero in the polar plots. The relative values enabled variations in the scattering intensity to be displayed more clearly for comparison. For the particles with different ARs, the scattering intensities of λ 1 and λ 3 were maximized when the incident polarization was perpendicular to the long axis of the particle (R = 90°). In contrast, the scattering intensity at λ 2 was highest when the incident polarization was parallel to the long axis of the particle (R = 0°). The relative scattering intensities of λ 1 , λ 2 , and λ 3 , however, were different for particles with different ARs. We found that independent of AR, all particles supported three distinct LSP modes with different relative scattering intensities. One mode is maximized along the long axis of the particle, and the other two along the short axis. These polarizationdependent responses are distinct because three different modes in multiscale particles can be excited under longitudinal and transverse polarizations. In contrast, fabricated nanorods only show two modes with polarization effects, one that exhibits a strong polarization response along the long axis, and the Multiple peak analysis of single particle scattering in multiscale Au particles. The overlapped, three LSPs from particles with AR of (A) 3.4, (B) 6.0, and (C) 7.7 can be resolved into individual resonances using a multipeak Lorentzian fit. Although the measured spectra at the polarization angle, R = 90°are presented here, the same analysis using Lorentzian multipeak fitting was used for all measured scattering data from R = 0°to 360°.
other that shows very weak polarization response along the short axis of nanorods. 33, 43 FDTD Calculations of Plasmon Resonances. FDTD methods 44À47 were used to calculate the single particle scattering spectra, the distribution maps of the electric field intensity (|E| 2 ) and the real part of electric field (Re(E)) at λ 1 , λ 2 , and λ 3 . To simulate the experimental conditions of light incident on a single particle, we selected different wavevectors k at every 45°relative to the optical axis to cover the major directions of light from a DF condenser for the scattering spectra calculations. The incident excitation angle (θ) was taken as the average value of the numerical aperture used in the experiment (0.80À0.95) with the refractive index of the immersion oil = 1.525. The calculations showed that two excitation directions directed at the middle of the particle (θ = 37°and À37°) resulted in dominant contributions to the measured scattering properties (Supporting Information, Figure S2 ). Thus, we investigated four excitation conditions with two polarization angles R of the incident plane wave: (θ, R) = (À37°, 0°), (37°, 0°), (À37°, 90°) and (37°, 90°). The geometry of excitation light is illustrated in the insets of Figures 5 and 6. We compared the peak positions of the measured plasmon resonances and the calculated scattering peaks at the same representative excitation directions. The scattering spectra calculated at (À37°, 0°) and (37°, 0°) were compared to the measured wavelength λ 2 that was maximized under longitudinal polarization, and the scattering from (À37°, 90°) and (37°, 90°) conditions was compared with λ 1 and λ 3 , which showed the highest intensities under transverse polarization. The resonances from simulations matched well with the measured LSPs, which we have designated λ 1 , λ 2 , and λ 3 . The scattering spectra calculated at (θ, R) = (À37°, 0°) and (37°, 0°) indicate that the dipole mode exists around 1750, 3000, and 4150 nm for particles with AR 3.4, 6.0, and 7.7, respectively (Supporting Information, Figure S3 ). To test the validity of our analysis, we measured the extinction spectra of an array of Au particles with AR 3.4 using a UVÀvisÀNIR spectrophotometer (Supporting Information, Figure S4 ). The measured dipolar resonance was centered around 1750 nm, which matched well with the calculated scattering spectra of a single particle.
In Figure 4 , the relative scattering intensities of the three LSP resonances are different for the different AR particles. For the shortest particle (AR = 3.4), the intensity of the longitudinal mode was higher than ARTICLE the intensity of the LSPs along the transverse directions. As the length was increased (AR = 6.0), the relative intensities of all three modes were approximately equal. When the length was further increased (AR = 7.7), the intensity of one of the LSPs along the short axis increased, and the other resonances decreased. These differences in scattering intensities can be understood by the different scattering intensities of λ 1 , λ 2 , and λ 3 calculated at (θ, R) = (37°, 90°), (À37°, 0°) and (À37°, 90°), respectively. In the calculated scattering spectra, λ 2 corresponds to a resonance excited by both (θ, R) = (À37°, 0°) and (37°, 0°). For the transverse modes in the single particles, the simulated scattering reveal that λ 1 and λ 3 correspond to distinct LSPs excited at (θ, R) = (37°, 90°) and (À37°, 90°). For particles with different ARs, the intensities vary for the three modes because (1) the intensity of higher-order modes is lower than lowerorder modes 14, 48 (Supporting Information, Figures S3 and S5); and (2) the multipolar orders for the respective λ 1 , λ 2 and λ 3 are different for the different ARs (Supporting Information, Figure S6 ). The calculated spectra revealed that as the AR increased, the relative intensity of λ 3 compared to λ 1 decreased because the multipolar order of λ 3 was higher. The calculated scattering spectra are in reasonable qualitative agreement with the measured relative intensities of λ 1 , λ 2 , and λ 3 .
Identification of Multipolar Longitudinal Modes. Because all the type A particles showed the same polarizationdependent scattering trends, we will analyze in detail only the AR 6.0-particle ( Figure 5 ). Calculations of AR 3.4 and 7.7 particles are in the Supporting Information. Figure 5A displays the scattering spectra for the λ 2 resonance excited at (θ, R) = (À37°, 0°) for the AR 6.0 particle. The same characteristic resonance was excited by (θ, R) = (À37°, 0°) and (37°, 0°), which occurs at 836 nm by (À37°, 0°) and 826 nm by (37°, 0°). Therefore, the LSP resonance excited under longitudinal polarization is determined by the elongated structure rather than the anisotropic structure in the multiscale particle, and hence only far-field scattering and near-field electric field maps calculated at (θ, R) = (À37°, 0°) are only shown.
We determined the multipolar order (l) of each resonance by calculating the near-field optical properties |E| 2 and observing the number of nodes of the standing-wave patterns in the |E| 2 map.
9,49,50
The direction of charge oscillations at specific resonances can be identified from Re(E), which displays phase differences between the electric field of the positive and negative charge density regions. 46, 47 According to boundary conditions derived from Maxwell's equations, the surface charge density (σ) is related to the normal components of the electric field E as (ε 2 E 2 À ε 1 E 1 ) 3 n = 4πσ, where ε is the dielectric constant, and n is the unit vector normal to the interface between medium 1 and medium 2. 51 In the Re(E y )
maps, E y is the electric component normal to the interface defined by the particle and its dielectric environment, and so its direction and strength indicate whether charges are accumulated or depleted at different positions on the particle. In particular, the red and blue colors correspond to the positive and negative directions of E y . The sign of the surface Figure 6 . Two different transverse modes at λ 1 and λ 3 in the AR 6.0 particle. The calculated far-field and near-field properties reveal two distinctive transverse modes at λ 1 and λ 3 . Single particle scattering spectra presenting (A) λ 1 excited at (θ, R) = (37°, 90°) and (B) λ 3 at (θ, R) = (À37°, 90°). The different |E| 2 maps in the xÀy plane including one face of the particle, and the yÀz plane including the cross-section at (C) λ 1 and (D) λ 3 . Different multipolar orders and electric field intensity distributions are shown for the two transverse LSPs. Re(E y ) distributions show distinct transverse charge oscillations in the xÀy plane at (E) λ 1 and (F) λ 3 .
ARTICLE charge density can be calculated by ε 2 E y2 À ε 1 E y1 , where 2 is the dielectric (ε 2 = 2.3) and 1 is the Au metal in our case.
Figure 5B displays the electric field intensity distribution at λ 2 in the xÀy plane where one face of the particle is in contact with the substrate. Since the xÀy plane includes an entire section of the multiscale particle, the |E| 2 map in this plane captures the main near-field optical properties. The electric field map shows six high intensity regions across the particle, which indicates l = 5 for the AR 6.0-particle. Figure 5C depicts the Re(E y ) distribution at λ 2 in the xÀy plane. The map of the real part of the electric field exhibits a phase change between six alternating high intensity regions along the x-axis, which indicates that charges oscillate along the long axis of the particle at this resonance. In addition, the Re(E y ) map shows the same higher-order mode (l = 5) as the |E| 2 map. Therefore, the near-field optical properties confirm that λ 2 is a multipolar longitudinal plasmon resonance.
As the aspect ratio of the multiscale particles increased, plasmon resonances with increased multipolar order were sustained in the same wavelength ranges (Supporting Information, Figure S6 ), which is consistent with previous work on other anisotropic particles. 7, 9, 11, 48, 52 The multipolar order for λ 2 was determined as l = 3, 5, and 7 for the AR 3.4, 6.0, and 7.7-particles from their |E| 2 maps. Higher ARs result in a given multipolar order being shifted to longer wavelengths and an increased number of higher order modes within a fixed wavelength range, which was also observed in Au nanorods fabricated in anodized aluminum oxide templates. 11 Comparable to the dimensions of our multiscale particles (lengths of nanorods between 735 nm (AR 8.6) and 1175 nm (AR 13.8)), the two rod lengths showed l = 5, 7 modes around 660 nm and 650À700 nm, respectively. The multiscale particles with AR 6.0 and AR 7.7 exhibited l = 5 and 7 modes at 804 and 767 nm, which exist at longer wavelengths because of the tapering of the particles at their ends and because there is less overall gold material. . Different optical response of multiscale particles with 3D structural change at the ends. SEM images of (A) AR = 2.6 particle (type A), (B) AR = 2.5 particle (type B), and (C) AR = 2.8 particle (type B) support different 3D ends. The polarization-dependent responses of (D) AR = 2.6, (E) AR = 2.5, and (F) AR = 2.8 particles indicate that the AR = 2.6 particle showed the highest scattering intensity of λ 2 along the long axis and λ 1 and λ 3 along the short axis of NP while the AR = 2.5 and 2.8 particles (type B) supported the maximum intensity of λ 1 and λ 2 along the long axis and λ 3 along the short axis of the NPs.
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Different Transverse Modes in the 3D Particles. The calculated resonances at λ 1 (645 nm) and λ 3 (858 nm) in the AR 6.0 particle, which correspond to the measured λ 1 (657 nm) and λ 3 (891 nm) in the polar plots, are resonances excited by (θ, R) = (37°, 90°) and (À37°, 90°), respectively ( Figures 6A,B) . Notably, the two different excitations resulted in the distinct LSPs at λ 1 and λ 3 because of light interacting with different geometric features. These two resonances, which are separated by >200 nm in wavelength, are a direct signature of the structural asymmetry of the 3D anisotropic particle. The electric field intensity distributions at λ 1 and λ 3 also exhibit different near-field properties. |E| 2 maps of the particle reveal different multipolar orders of λ 1 and λ 3 , where λ 3 has a larger number of nodes compared to λ 1 ( Figures 6C,D) . λ 3 is not a higher-order mode of λ 1 , however, because λ 1 and λ 3 are resonances excited by different excitation directions. Because of the 3D anisotropic structure of the multiscale particles, different k-vectors interact with different portions of the particle, and hence distinct far-field and near-field properties can result. The multipolar orders of λ 1 and λ 3 resonances are not comparable and need to be assigned independently.
The scattering spectra and |E| 2 maps show that the scattering intensity at λ 1 is higher than λ 3 but the electric field intensity at λ 1 is lower than λ 3 ( Figures 6A-D) . This result can be understood by previous calculations that indicate that the peak wavelengths of farfield resonances with their maximum intensities are different from the wavelengths of near-field resonances with their maximum intensities. 53 The nearfield properties are related to the ability of the particle to convert incoming light into localized fields, while the far-field properties represent the ability of the particle to absorb light and/or convert it into a propagating wave. In the case of spherical NPs with radius r, the near-field property is dominated by a 1/r 3 term while the far-field is dominated by 1/r term in Mie theory. Therefore, the maximum intensities for both near-field and far-field properties usually do not occur at the same wavelength. For λ 1 and λ 3 , the cross-section through the center of the particle shows distinct electric field distributions at the two resonances. For example, the weak field intensity at λ 1 in the cross section is distributed over the entire particle, but the high intensity field at λ 3 is concentrated at the two open edges of the particle. Also, Re(E y ) displays different transverse oscillations of charge density at λ 1 and λ 3 , where the charge density waves with different numbers of nodes oscillate perpendicular to the long axis of the particle at the two LSPs ( Figure 6E,F) . Hence, λ 1 and λ 3 are different multipolar transverse modes as a result of the structural asymmetry of the 3D multiscale particle, which is a unique optical feature of multiscale particles.
Effect of 3D Structural Change on Optical Response. Besides the effects of changing the length of the 3D NPs, we studied the optical properties of multiscale particles with 3D structural changes at the ends ( Figure 7AÀC ). For clarification, we assign multiscale particles with 3D ends as type B particles. We compared AR = 2.5 and 2.8 particles (type B) to the AR = 2.6 particle (type A), which are similar in length (<20 nm difference among particles) but with different terminal features. Similar to previous results on type A particles, the AR = 2.6 particle showed the highest scattering intensity of a single resonance (λ 2 ) along the long axis and two resonances (λ 1 and λ 3 ) along the short axis of particle ( Figure 7D ). In contrast, the AR = 2.5 and 2.8 particles supported two resonances (λ 1 and λ 2 ) that were maximized along the long axis of the particle and only a single resonance (λ 3 ) along the short axis ( Figures 7E,F) ; FDTD calculated results were in agreement (Supporting Information, Figure S7 ). In contrast to the AR = 2.5 and 2.8 particles exhibiting strong polarization effects at three different LSP resonances, a nanopyramid showed only a very weak polarization response at 857 nm (Supporting Information, Figure S8 ), similar to previous results. 39 These findings indicate that
(1) structural variation of multiscale particles can be reflected in different polarization-dependent optical responses, and (2) 3D structural changes at the ends of the particle can significantly alter LSP resonances. Hence, the optical properties of multiscale particles are very sensitive to nanoscale structural details.
CONCLUSIONS
In summary, multiscale Au particles with different ARs were fabricated, and the polarization-dependent scattering was measured. Variation in the length of the particles along the long axis resulted in the excitation of a single multipolar longitudinal mode and two distinct transverse modes with different multipolar orders. The measured LSP resonances were identified by the calculated FDTD scattering spectra, which allowed correlation of the resonance with specific structural features of the 3D, anisotropic particle. The calculated electric field intensity maps were used to determine the multipolar order of the plasmon resonances. Both far-field and near-field optical calculations indicated that structural asymmetry of 3D anisotropic NP leads to two different transverse modes, whereas the single longitudinal mode was determined by the elongated structure of multiscale particle. Our results suggest that multipolar plasmon resonances can be tuned over a wide spectral range by changing the structural parameters of the particles. In addition, our fabrication strategy offers the potential that LSP resonances can be easily tailored by ARTICLE manipulating thickness and materials of NPs. The fabricated nanostructures can be adapted for different applications such as nonlinear optics, sensing, and optical imaging.
METHODS
Fabrication of Multiscale Au Particles. A soft interference lithography-line photomask was used to change AR of the patterned PR feature (Shipley 1805, thickness t = 100 nm) and φ was 90°, 45°, 44°, 42°, 28°, 20°, and 17°for AR = 1.0, 2.5, 2.6, 2.8, 3.4, 6.0 and 7.7, respectively. The feature sizes were first determined by the UV exposure dose and the developing condition which can be altered by the developing time and the dilution ratio of 351 Microposit developer with deionized (DI) water. Then, the feature sizes of PR were further tailored by reactive ion etching (RIE) using O 2 gas. RIE was employed to remove unwanted PR residues on the surface and to decrease the feature size width to ∼120 nm. After deposition of 15 nm Cr using an electron beam evaporator, the Cr-deposited PR was lifted-off by sonicating the pattern in Microposit Remover 1165 for 5À10 min.
The Si (100) substrate was anisotropically etched in KOH/ isopropyl alcohol (IPA) solution in which 33 mL of IPA was added to aqueous KOH solution (23À33 g of KOH/100 mL of DI water) at 72°C on hot plate while stirring using a magnetic stirrer. The etching time was varied from 30 to 90 s depending on AR and desired type of particles (i.e., Type A or B). The anisotropically etched Si was checked by LEO1525 field emission SEM. Then, 20 nm thick Au was deposited on the etched Si template using an electron beam evaporator. After the Cr/Au film in Cr etchant 1020 (Transene Corp., Danvers, MA) was removed, multiscale Au particles were released in dilute KOH solution (∼10 mg/mL (KOH/DI water)) by etching Si under sonication for g1 h. After KOH was purified, the particles were released in DI water before use.
Measurement of Single Particle Scattering. Multiscale NPs were dispersed on indium tin oxide (ITO)-coated glass substrates patterned with Au alignment markers. The particles were identified by SEM to correlate the specific particle to the DF scattering spectra. Single particle immersed in oil (n = 1.525) was illuminated by broadband white light source (100 W, halogen lamp) through a polarizer that is mounted on a DF condenser in an inverted optical microscope (Nikon TE-2000U). The scattered light from the particle was collected by a 100X variable NA objective (NA = 0.5À1.3) and received by a spectrometer equipped with a liquid N 2 -cooled CCD (Princeton instrument). The NA of the objective lens was set to 0.5 for measurement of single particle and background with particle and 1.3 for lamp profile. Spectra were taken from single particle, background without particle, and lamp profile under polarized light. The data were processed by subtracting background spectra from single particle spectra and then dividing it by lamp profile.
FDTD Calculations. FDTD simulations using commercial software (FDTD solution, Lumerical Inc. Vancouver, Canada) was employed to calculate the single particle scattering spectra, the distribution maps of electric field intensity and the real part of electric fields. Single particle scattering spectra were calculated using total-field scattered-field (TFSF) source that allows only scattered field to the detector. After identifying λ 1 , λ 2 , and λ 3 , in single particle scattering spectra, the distribution of |E| 2 and Re(E) were simulated using a plane wave source at each resonance. The optical constants of Au were taken from CRC in the spectrum range from 400 to 7000 nm. 54 All the calculations were performed in a homogeneous dielectric medium (n = 1.525). A uniform mesh size of 4 nm and perfectly matched layer boundary conditions were applied to x-, y-, and z-directions for all the simulations.
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